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We combine first principles density functional calculations with empirical relationships for the
Coulomb interactions in the ‘monomer’ model of κ-(BEDT-TTF)2X. This enables us to calculate
the parameters for the model of coupled dipolar and spin degrees of freedom proposed by Hotta
[Phys. Rev. B 82, 241104 (2010)], and Naka and Ishihara [J. Phys. Soc. Japan 79, 063707 (2010)].
In all materials studied, retaining only the largest interactions leads to a transverse field Ising model
of the dipoles. This quantifies, justifies and confirms recent claims that the dipoles are of crucial
importance for understanding these materials. We show that two effects are responsible for a range
of behaviors found in the dipoles in different κ-(BEDT-TTF)2X salts. (i) The inter-dimer hopping,
tb1, which gives rise to the “transverse field” in the Ising model for the dipoles (H
T = 2tb1), is
between a third and a tenth smaller in the mercuric materials than for the mercury-free salts. (ii)
The Ising model of dipoles is in the quasi-one-dimensional limit for the mercuric salts, but quasi-
two-dimensional (between the square and isotropic triangular limits) for the mercury-free materials.
Thus, the dimensionless critical field is much smaller in the mercuric compounds. Effect (ii) is
much larger than effect (i). Simple explanations of both effects based on the band structures of
the different salts are given. We show that dipolar order and even short-range dipolar correlations
have a profound impact on the nature of the interdimer magnetic (superexchange) interactions.
For example, dipole crystallization drives the materials towards quasi-one-dimensional magnetic
interactions, which could be important for understanding the spin liquids found in some of these
materials.
I. INTRODUCTION
Which, if any, symmetries are spontaneously bro-
ken in the dimer Mott insulating phase of the
κ-(BEDT-TTF)2X depends crucially on the anion,
X. κ-(BEDT-TTF)2Cu[N(CN)2]Cl (henceforth κ-
CuCl) and κ-(BEDT-TTF)2Cu[N(CN)2]Br (henceforth
κ-CuBr) show antiferromagnetic order, but no long-range
magnetic order is observed in κ-(BEDT-TTF)2Cu2(CN)3
(henceforth κ-CuCN) or κ-(BEDT-TTF)2Ag2(CN)3
(henceforth κ-AgCN) down to the lowest temperatures
that have been investigated. The standard model of
these materials [1–3] begins from an (extended) Hub-
bard model with one orbital per BEDT-TTF, Fig. 1a.
This model is three quarters filled because the anion re-
moves one electron per formula unit from the organic
layer. However, as these salts are strongly dimerized, it
is often assumed that the interdimer bonding and anti-
bonding orbitals are energetically well separated. This
assumption suggests that one can neglect the fully oc-
cupied bonding orbitals, leaving a half-filled Hubbard
model with one orbital per dimer (BEDT-TTF)2, Fig.
1b,c.
In the Mott insulating phase of the dimer model,
charge fluctuations can be integrated out to leave a
Heisenberg model on the anisotropic triangular lattice
Fig. 1c [2,4]. This model is of intrinsic theoretical
interest and it extrapolates between the square lattice
(J1 = 0), the triangular lattice (J1 = J2) and one-
dimensional chains with a frustrated interchain coupling
(J2 → 0).
However, the validity of the dimer model has been
questioned. Several groups have argued theoretically
that the charge degrees of freedom within the dimer
cannot be neglected and may be responsible for some
of the most interesting behavior observed in κ-(BEDT-
TTF)2X, including the spin-liquid behavior and super-
conductivity [5–7]. Experimental support for these ideas
has come from the observation of ferroelectricity aris-
ing from electronic dipoles associated with charge or-
der within the dimers that spontaneously break inversion
symmetry in several κ-(BEDT-TTF)2X salts [8–10].
Recently, the κ-(BEDT-TTF)2Hg(SCN)2Y salts have
emerged as an important testing ground for the interplay
between dipole and spin order. Long-range dipole or-
der has been obeserved in κ-(BEDT-TTF)2Hg(SCN)2Cl
(henceforth κ-HgCl) [11,12] and, collectively, several ex-
periments suggest that a dipole liquid has been seen in
κ-(BEDT-TTF)2Hg(SCN)2Br (henceforth κ-HgBr) [13].
Interestingly, it has been suggested that these materials
may be an intermediate class with weaker dimerization
than other κ-phase salts [11,12], but stronger dimeriza-
tion than, say, the θ phase BEDT-TTF salts [14].
One approach to understanding the interaction be-
tween spin and charge order in the κ-(BEDT-TTF)2X
salts is to study the monomer model (Fig. 1) [5]. But an
alternative, physically appealing, approach has been in-
troduced by Hotta [6] and, independently, Naka and Ishi-
hara [7] (HIN). They introduce a binary variable, which
describes the dipole or charge degree of freedom within
the dimer. HIN showed that this leads to a transverse
field Ising model (TFIM) for the dipoles, a Heisenberg
model for the spin on the dimers, and coupling terms
between the spin and dipole degrees of freedom, remi-
niscent of the Kugel-Khomskii interaction between spins
and orbital degrees of freedom [15].
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2FIG. 1: Structure of models of κ-(BEDT-TTF)2X. a) A single layer of κ-(BEDT-TTF)2X (hydrogen atoms and counter-ions are
not shown). The various inter-molecular hopping integrals, i.e., tµνij are labeled according to the standard monomer convention
and, for simplicity, only the subcripts µνij ∈ {b1, b2, p, q} are shown. The two sublattices of ET dimers are highlighted in peach
and blue. b) The dimer model. Here the subscripts 1, 2, or 3 will be used label various interactions, e.g., hopping t, exchange
J , dipole-dipole coupling K, or Dzyaloshinskii-Moriya coupling D. c) This model is topologically equivalent to a square lattice
with different couplings across the two diagonals or, if the ‘3’ interactions are negligible, an anisotropic triangular lattice.
In this paper we derive a first principles tight-binding
monomer model for κ-HgCl, κ-HgBr, κ-CuCl, κ-CuBr,
and κ-AgCN. We use this model, and empirical relation-
ships for the effective Coulomb interactions, to parame-
terise an extended HIN model for these materials. We
find that, in all materials, the coupling constants for the
TFIM of the dipoles are the largest energy scales in the
problem.
The TFIM has been extensively studied in each of the
limits of the lattice dimer model, Fig. 1. In one dimen-
sion, the dimensionless critical field is hc ≡ HTc /Kmax =
1, where HTc is the critical transverse field and Kmax is
the (largest) Ising coupling constant. On the isotropic
triangular lattice hc = 4.768 [16] and on the square lat-
tice hc = 3.044 [16,17]. However, we are not aware of any
studies on the anisotropic triangular lattice, Fig. 1c, be-
yond these limits. In the TFIM description of the dipoles
in κ-(BEDT-TTF)2X, there is a direct proportionality
between the transverse field and the intradimer hopping
(HT ∝ tb1). There is ferroelectric order in the low field
regime and quantum disorder in the high field regime.
We show that two effects are responsible for different
ferroelectric behaviors of the κ-(BEDT-TTF)2X salts.
(i) The inter-dimer hopping, tb1, which gives rise to
the “transverse field” in the Ising model for the dipoles
(H = 2tb1), is between a third and a tenth smaller in κ-
HgCl and κ-HgBr than in κ-CuCl, κ-CuBr, and κ-AgCN.
(ii) The TFIM of dipoles is in the quasi-one-dimensional
limit for κ-HgCl and κ-HgBr, but quasi-two-dimensional
(between the square and isotropic triangular limits) for
κ-CuCl, κ-CuBr, and κ-AgCN. Thus, the dimensionless
critical field is much smaller in the former pair of com-
pounds. We discuss the implications of this for the mag-
netic behaviors of these salts.
II. DENSITY FUNCTIONAL CALCULATIONS
We computed the electronic structures of κ-HgCl,
κ-HgBr, κ-CuCl, κ-CuBr, and κ-AgCN from four-
component relativistic density functional theory with the
FPLO package in an all-electron full-potential local or-
bital basis [18,19]. For κ-CuBr we consider fully dueter-
ated BEDT-TTF molecules (as this drives this salt in-
sulating [20]), for all other anions we consider fully pro-
tonated BEDT-TTF. The density was converged on a
(8× 8× 8) k mesh using the Perdew, Burke and Ernzer-
hof (PBE) generalized gradient approximation [21]. We
produced localised Wannier spin-orbitals for the frontier
bands (those closest to the Fermi energy), and from those
produced an ab initio single electron Hamiltonian con-
taining one Wannier orbital, |µiα〉, per spin species, α,
on every BEDT-TTF molecule, i in every dimer, µ. The
geometries were taken from the measured crystal struc-
tures [11,22–25] as indicated in Table I.
The complex overlaps between the Wannier spin-
orbitals,
hµνijαβ = 〈µiα|Hˆ|νjβ〉, (1)
where Hˆ is the full microscopic Hamiltonian, lead to a
spin-dependent model Hamiltonian:
Hˆ =
∑
µ,ν
∑
i,j
∑
α,β
cˆ†µiαhµνijαβ cˆνjβ , (2)
where cˆ
(†)
µiα annihilates (creates) an electron in the spin α
Wannier centered on the ith molecule of the µth dimer.
The SU(2) symmetry of the Hamiltonian implies that
hµνij = tµνijI2+λµνij ·σ, where I2 is the identity matrix
and σ is the vector of Pauli matrices. Thus,
Hˆ =
∑
µ,ν
∑
i,j
∑
α,β
cˆ†µiα
(
tµνijδαβ + iλµνij · σαβ
)
cˆνjβ . (3)
3FIG. 2: The calculated band structure of κ-HgCl. The direct
density functional calculations (solid black line) is exactly re-
produced by the Wannier model Hamiltonian (dot-dashed red
line). The monomer model [Hˆ, blue dashed line, Fig. 1, Eq.
(3)], which retains only the four largest hopping integrals,
captures the main features of the band structure.
Physically, the scalar hopping integrals, tµνij , describe
spin independent hopping between molecules and the vec-
tor hopping integrals, λµνij , which parameterize the spin-
orbit coupling, allow for both spin dependent hopping
(λzµνij) and hopping with a spin flip (λ
x
µνij , λ
y
µνij).
A typical band structure is shown in Fig. 2. We
display three different approximations to the electronic
structure: (i) the band structure directly calculated from
four component DFT; (ii) the band structure calculated
from the full set of overlaps between Wannier orbitals,
{hµνijαβ}; and (iii) the standard monomer model, Fig.
1a, which contains only the largest overlaps of our ab
initio model Hamiltonian. As expected in both materi-
als the full Wannier band structure reproduces the direct
DFT results exactly, consistent with a successful Wan-
nier orbital construction. The monomer model clearly
captures the key features of the electronic structure and
gives a clearer picture of the physical mechanisms at play
than the full DFT calculation. Therefore, we will use this
model as the basis for analysis of these materials. Also,
note the Dirac points at Y in κ-HgCl and κ-HgBr (not
shown).
The monomer model is based on Eq. (3) but re-
stricted to contain only the largest parameters (tµνij and
λµνij). As in other κ-phase BEDT-TTF salts, there
are four large interactions in both of the κ-(BEDT-
TTF)2Hg(SCN)2Y salts. We use the standard bond-
labeling convention, illustrated in Fig. 1a. The pa-
rameters for this model are reported in Table I. The
scalar hopping integrals for these salts are in excellent
agreement with a previous scalar relativistic and non-
relativistic calculations where these have previously been
reported [12,26].
III. COUPLED SPIN AND DIPOLE ORDER
In this section we generalize the model of interacting
dipoles and spins introduced by Hotta, Naka and Ishihara
[6,7] and use our density functional theory results as the
basis for a calculation of the parameters of the model.
The derivation assumes that these materials are in the
strong coupling limit where the electron-electron inter-
actions within the dimer are large, and all other terms
can be treated perturbatively. The unperturbed model
is
Hˆ(0) =
∑
µ
[
U
∑
i
nˆµi↑nˆµi↓ +
(
Vb1 − Jb1
2
)
nˆµ1nˆµ2
+Jb1
(
cˆ†µ1↑cˆ
†
µ1↓cˆµ2↑cˆµ2↓ + cˆ
†
µ2↑cˆ
†
µ2↓cˆµ1↑cˆµ1↓
)
−2Jb1Sˆµ1 · Sˆµ2
]
, (4)
where i = 1 and 2 indicate the two BEDT-TTF molecules
within the same dimer, nˆµiα = cˆ
†
µiαcˆµiα, nˆµi =
∑
α nˆµiα,
and Sˆµi =
1
2
∑
α,β cˆ
†
µiασαβ cˆµiβ . At three-quarters filling,
relevant to κ-(BEDT-TTF)2X, there are four degenerate
ground states: | ↑↓, ↑〉, | ↑↓, ↓〉, | ↑, ↑↓〉, and | ↓, ↑↓〉.
Intra-dimer hopping and inter-dimer interactions give
rise to first order perturbations. We write their sum as
Hˆ(1) = tb1
∑
µσ
cˆ†µ1σ cˆµ2σ (5)
+
1
2
∑
µ6=ν
∑
i,j
[(
V ijµν −
J ijµν
2
)
nˆµinˆνj
−2J ijµνSˆµi · Sˆνj + J ijµν cˆ†µi↑cˆ†µi↓cˆνj↑cˆνj↓
]
.
Throughout we adopt the convention that within any pair
of dimers the labels i and j are chosen so that the shortest
separation connects site 1 on one dimer with site 2 on the
other, this preserves translation symmetry within each
sublattice, cf. Fig. 1.
Within the low-energy subspace these terms can
be dramatically simplified by the introduction of two
new operators: the dimer spin operator, Sˆµ =
1
2
∑
i,α,β cˆ
†
µiασαβ cˆµiβ , and the dipole operator Tˆµ =
1
2
∑
i,j,α cˆ
†
µiασij cˆµjα. Our four degenerate ground states
can be rewritten as (Sz, T z) = ( 12 ,
1
2 ), (− 12 , 12 ), ( 12 ,− 12 ),
and (− 12 ,− 12 ) respectively. This allows us to write
Hˆ(1) = HT
∑
µ
Tˆ xµ +
∑
µ6=ν
WTTµν Tˆ
z
µ Tˆ
z
ν
+
∑
µ6=ν
[
WSSµν +W
SST
µν (Tˆ
z
µ + Tˆ
z
ν )
+WSSTTµν Tˆ
z
µ Tˆ
z
ν
]
Sˆµ · Sˆν , (6)
4tb1 tb2 tp tq
√
t2p − t2q λp λq rp rq
κ-HgCl [11] 120 88 63 34 33 (0.83,−0.07, 0.32) (0.37,−0.13, 0.08) (0.00,−2.72, 11.09) (3.60,−7.67,−7.59)
κ-HgBr [22] 126 83 60 40 45 (0.40, 0.06, 0) (1.47, 0.10,−0.53) (0.00,−2.76, 11.01) (3.47,−7.75, 7.51)
κ-CuCl [23] 142 60 90 44 79 (−0.54,−0.91, 0) (0.37,−0.68, 0) (7.61,−0.99, 7.95) (−12.12, 0.00, 3.47)
κ-CuBr [24] 178 61 98 37 91 (−0.46,−0.87, 0) (0.30,−0.84, 0) (7.58,−0.99, 8.00) (−12.16, 0.00, 3.53)
κ-AgCN [25] 180 66 87 19 85 (−0.55,−0.01, 0.98) (−0.03,−0.29,−0.07) (−1.03, 8.16,−7.84) (0.00, 3.70, 12.43)
TABLE I: Calculated intra-layer scalar (t) and vector (λ) hopping integrals in meV and the relevant vectors in A˚. λb1 = λb2 = 0
in all materials due to inversion symmetries. rp and rq define the direction of the vector hopping [reversing the direction changes
the sign – as required for the hermiticity of Eq. (3)].
√
t2p − t2q is included here as, we will see below, it is a crucial parameter for
understanding the behavior of these materials. Note that it is much smaller in κ-HgCl and κ-HgBr than in the other materials.
where HT = 2tb1,
WTTµν = (V
11
µν − V 12µν − V 21µν + V 22µν )
−1
2
(J11µν − J12µν − J21µν + J22µν), (7)
WSSµν =
1
4 (J
11
µν + J
12
µν + J
21
µν + J
22
µν), W
SST
µν =
1
2 (J
11
µν +
J12µν − J21µν − J22µν), WSSTTµν = J11µν − J12µν − J21µν + J22µν , and
we have used the symmetries V ijµν = V
ji
νµ, J
ij
µν = J
ji
νµ and
the inversion symmetry of the crystals (which, although
spontaneously broken in the dipoled ordered phase, is
respected by the underlying Hamiltonian).
The first two terms of Eq. (6) are simply the TFIM
for the dipole variables, Tˆµ. The last two lines de-
scribe direct dimer exchange interactions (WSSµν ) and
three (WSSTµν ) and four (W
SSTT
µν ) body interactions be-
tween the dipole Ising variables and the spins. The inter-
dimer exchange interactions (J ijµν) are around two orders
of magnitude smaller than direct interdimer Coulomb in-
teractions (V ijµν), so the first two terms in Eq. (6) are sig-
nificantly larger than others (although we see below that
these terms are not negligible for describing the magnetic
order). Therefore it is reasonable to start by examining
only the TFIM for Tˆ xµ . It is also important to note that
the Ising coupling constants, WTTµν , are given by a “dif-
ferential” Coulomb interaction, Eq. (7).
It has been demonstrated that in full three-dimensional
models of BEDT-TTF salts V ijµν ∝ 1/r, to a high de-
gree of accuracy [27], where r is the distance between
the centers of the Wannier orbitals, and Vb2 ∼ 0.4 in a
wide range of salts [26,28]. These two relationships yield
the Ising coupling constants listed in Table II. The dif-
ferences between the different materials result primarily
from changes in the way the dimers are arranged within
the crystal. These structural differences are much larger
than changes of the intradimer separation, which only
varies between 3.67 and 3.73 A˚ across all materials stud-
ied.
It is apparent from Eq. (7) that the WTT can take ei-
ther sign. However, one’s physical intuition is that if the
dimers are close to each other (relative to the intradimer
separation) then WTT should be negative. This is indeed
confirmed by the values in Table II, with the only posi-
tive values being WTT3 for κ-HgCl and κ-HgBr and W
TT
⊥
for κ-AgCN. In each of these cases the interdimer sep-
X WTT1 W
TT
2 W
TT
3 W
TT
⊥
Hg(SCN)2Cl -8 -22 13 -3
Hg(SCN)2Br -11 -21 13 -3
Cu[N(CN)2]Cl -5 -54 -12 -11
Cu[N(CN)2]Br -5 -54 -12 -11
Ag2(CN)3 -4 -53 -12 1
TABLE II: Calculated Ising coupling constants at first order
in the interdimer Coulomb interactions, cf. Eq. (7), for the
dipole degrees of freedom. We neglect the J ijµν as these are
two orders of magnitude smaller than the V ijµν [29]. All values
in meV.
aration is large compared to intradimer separation and
the argument above becomes invalid. Given the signs in
the first order Hamiltonian, Eq. (6), (positive) negative
WTT corresponds to (anti)ferro-dipolar coupling. Nev-
ertheless, because of the relative arrangement of the sub-
lattices of the dimers, cf. Fig. 1a, long range (anti)ferro-
dipolar order does not correspond to simple (anti)parallel
arrangements of the dipoles on the two different sublat-
tices.
Virtual hopping between dimers induces additional in-
teractions. Hopping within a single dimer sublattice, cf.
Fig. 1, is described by
Hˆ1 = tb2
∑
〈µ,ν〉
∑
σ
cˆ†µ2σ cˆν1σ +H.c., (8)
where 〈µ, ν〉 indicates that the sum runs over nearest
neighbors on the same sublattice only. At second order
in tb2 this induces interactions given by
Hˆ
(2)
1 =
∑
〈µ,ν〉
{
XTT Tˆ
z
µ Tˆ
z
ν +XT (Tˆ
z
µ − Tˆ zν )
+
[
XSSTT Tˆ
z
µ Tˆ
z
ν +XSST (Tˆ
z
µ − Tˆ zν )
+XSS
]
Sˆµ · Sˆν
}
. (9)
Analytic expressions for the coupling constants are given
in the Appendix.
A key observation from these analytic expressions is
that XTT is generically positive, i.e., antiferro-dipolar.
This is the opposite sign from that expected (and calcu-
lated) for WTT1 , the equivalent interaction arising from
5FIG. 3: Sketches of prototypical second order processes lead-
ing to the Ising coupling between dipoles. Recall that second
order processes always lower the energy of the ground state.
Processes like a → b → c are only available if dipoles on the
two dimes are antiparallel. Thus, this leads to an antiferro-
dipolar coupling (XTT < 0). Processes like d → e → f are
only allowed if dipoles on the two dimes are the same sign
and therefore favor ferro-dipolar coupling (YTT > 0). How-
ever, processes like h → i → j are only possible if dipoles on
the two dimes are antialigned and therefore favor antiferro-
dipolar coupling (YTT < 0). The competition between the
processes d → e → f and h → i → j is vital for understand-
ing the different dimensionalities of the TFIM in the mercuric
and mercury-free salts as it means the YTT ∝ t2p − t2q.
the direct Coulomb interaction. However, it is the same
sign as one expects from a simple superexchange inter-
action, XSS , which also arises at second order in t
2
b2/U .
The processes that give rise to this XTT are sketched in
Fig. 3.
Hopping between different dimer sublattices is de-
scribed by the terms
Hˆ2 =
∑
[µ,ν]
∑
σ
(
tpcˆ
†
µ2σ cˆν1σ + tq cˆ
†
µ2σ cˆν2σ
)
+H.c., (10)
where [µ, ν] indicates that the sum runs over nearest
neighbors on the different sublattices only.
At second order in tp and tq, the effective Hamiltonian
is
Hˆ
(2)
2 =
∑
[µ,ν]
{
YTT Tˆ
z
µ Tˆ
z
ν + YzxTˆ
z
µ Tˆ
x
ν + YT−(Tˆ
z
µ − Tˆ zν ) + YT+(Tˆ zµ + Tˆ zν ) + YxTˆ xν
+
[
YSSTT Tˆ
z
µ Tˆ
z
ν + YSSzxTˆ
z
µ Tˆ
x
ν + YSSxTˆ
x
ν + YSST−(Tˆ
z
µ − Tˆ zν ) + YSST+(Tˆ zµ + Tˆ zν ) + YSS
]
Sˆµ · Sˆν
+
[
Y4SzxTˆ
z
µ Tˆ
x
ν + Y4SxTˆ
x
ν
] (
Sˆµ · Sˆν
)2 }
. (11)
Again, the analytical expressions for the coupling con-
stants are given in the Appendix.
It is interesting to note here that the values of the Y
parameters, most importantly YTT ∝ (t2p − t2q) [see Eq.
(A8)], depend sensitively on the relative magnitudes of tp
and tq (reported in Table I). This has a simple physical
origin, explained in Fig. 3. This will be crucial for un-
derstanding the different physics observed in the different
materials.
To evaluate the X and Y parameters we take U = Vb1,
Jb1 = Vb1/2.5 [28] and Vb1 given by the parameteriza-
tion above [40]. This yields the parameters in Table III.
Notice that the largest parameters here are an order of
magnitude more than those arising from the first order
corrections, Table II. We stress that this does not indi-
cate an issue with the convergence of the perturbative
expansion, as these corrections are second order in inter-
dimer hopping integrals and the parameters in Table II
are first order in the inter-dimer Coulomb interactions.
The two largest parameters, XTT and YTT , are quite
different in κ-HgCl and κ-HgBr than in the other ma-
terials. XTT ∝ t2b2 [see Eq. (A3)] and tb2 is 25-50%
larger in κ-HgCl and κ-HgBr than the other materials,
see Table I, which means that XTT is much bigger in the
mercuric materials. YTT ∝ (t2p − t2q) [see Eq. (A8)] and
tp is ∼ 50% larger in the mercury-free materials, which
results in a much larger YTT in these systems.
Combining the lowest order perturbations in both the
Coulomb interactions and the hopping but keeping only
the largest terms reduces the problem to an effective
TFIM:
HTFI = H
T
∑
µ
Tˆ xµ +
∑
µ6=ν
Kµν Tˆ
z
µ Tˆ
z
ν (12)
6X XTT XT XSSTT XSST XSS YTT Yzx YTm YTp Yx YSSTT YSSzx YSST− YSST+ YSSx YSS Y4Szx Y4Szx
Hg(SCN)2Cl 288 -6 -46 -23 23 105 -40 -3 -1 -20 -17 -38 -12 -3 -19 8 26 26
Hg(SCN)2Br 254 -5 -41 -20 20 74 -44 -3 -1 -22 -12 -43 -11 -5 -21 6 28 28
Cu[N(CN)2]Cl 131 -3 -21 -11 11 225 -72 -6 -1 -36 -36 -69 -24 -6 -35 18 46 46
Cu[N(CN)2]Br 136 -3 -22 -11 11 301 -66 -7 -1 -33 -48 -64 -28 -4 -32 24 42 42
Ag2(CN)3 160 -3 -26 -13 13 264 -30 -6 0 -15 -42 -29 -22 -1 -15 21 19 19
TABLE III: Calculated coupling constants for the effective Hamiltonians, Eqs. (9) and (11), arising at second order in the
interdimer hopping. All values in meV. See Appendix for the analytic expressions.
X K1 [meV] K2 [meV] K1/K2 H
T /Kmax
Hg(SCN)2Cl 280 83 3.38 0.86
Hg(SCN)2Br 244 53 4.6 1.03
Cu[N(CN)2]Cl 126 171 0.74 1.66
Cu[N(CN)2]Br 131 248 0.53 1.44
Ag2(CN)3 155 211 0.73 1.70
TABLE IV: The two largest coupling constants in the Ising
model of dipoles, K1 and K2, and the ratio of the larger of
these (Kmax) with the effective transverse field, H
T . Recall
that in one dimension the critical field for the transverse field
Ising model is hc ≡ HTc /K = 1, in the isotropic triangular
lattice hc = 4.768 [16] and on the square lattice hc = 3.044
[16,17].
with two large (> 100 meV) coupling constants K1 =
WTT1 +XTT and K2 = W
TT
2 + YTT . The values of these
parameters are reported in Table IV.
In both κ-HgCl and κ-HgBr K1  K2, placing these
materials firmly in the quasi-one-dimensional limit of the
TFIM. In κ-HgBr we find that HT /K1 > 1, i.e., the high-
field regime of the TFIM, which corresponds to quantum
disorder of the dipoles. But κ-HgBr is close to the phase
transition. Therefore our calculations predict that there
is no dipole order, but strong correlations between the
dipoles. This is entirely consistent with the observation
of a ‘dipole liquid’ in this material [13].
In κ-HgCl we find that HT /K1 < 1, i.e., the low-field
regime of the TFIM, which corresponds to spontaneous
ordering of the dipoles in the underlying extended Hub-
bard model. This explains the observed dipole solid in
κ-HgCl [11].
In κ-CuCl, κ-CuBr and κ-AgCN are intermediate be-
tween the square and triangular lattice TFIMs, 0.53 ≤
K1/K2 ≤ 0.74. We are not aware of any studies of the
TFIM in this regime, which makes it impossible to make
definitive predictions of the experimental consequences
of our results. κ-CuCl and κ-AgCN yield rather similar
TFIMs with strong frustration K1/K2 ∼ 3/4, but the
frustration is somewhat less in κ-CuBr. In all three ma-
terials HT /K2 is well below the critical fields of either
the square or triangular TFIMs, therefore it is tempting
to conclude that all three materials should show dipole
order. But caution is needed here as we do not know how
frustration effects the critical field. For example, in the
Heisenberg model long-range order is strongly suppressed
at frustrations intermediate to the square and triangular
limits [30,31].
IV. SPIN MODEL IN THE DIPOLE SOLID
PHASE
To calculate the inter-dimer superexchange interac-
tions in the dipole ordered phase we make a mean-field
approximation for the charge-charge interdimer interac-
tions,
Vˆµν =
∑
µ6=ν
∑
i,j
V ijµν nˆµinˆµj , (13)
which induces an effective potential on the electrons
within the µth dimer given by
Vˆ MFµν ≡
∑
ν
′∑
i,j
V ijµν〈nˆνj〉
 nˆµi
= ε∗ (nˆ1 + nˆ2)−∆ (nˆ1 − nˆ2) , (14)
where the prime on the first summation indicates that it
runs over all dimers except µ,
ε∗ =
∑
ν
′∑
i,j
V ij1ν + V
ij
2ν
2
〈nˆνj〉, (15)
and the difference in potentials within a dimer is
∆ =
∑
ν
′∑
i,j
V ij1ν − V ij2ν
2
〈nˆνj〉. (16)
Thus, the effective Hamiltonian for a single dimer is
Hˆµ = (ε0 + ε
∗) (nˆµ1 + nˆµ2)−∆ (nˆµ1 − nˆµ2) (17)
+tb1
∑
σ
cˆ†µ1σ cˆν2σ + U
∑
i
nˆµi↑nˆµi↓
+Vb1nˆµ1nˆµ2 + Jb1Sˆµ1 · Sˆµ2,
where we have used the fact that λb1 = 0 in all materials
studied (Table I). This can be solved exactly and has two
degenerate ground states, which describe the spin-one–
half degrees of freedom on the dimer in the insulating
phase. However, the spin does not, in general, have equal
7FIG. 4: Variation of the effective interdimer superexchange
interaction with the charge disproportionation, 〈nˆµ1 − nˆµ2〉,
for (a) antiferrodipolar ordering and (b) ferrodipolar ordering.
For ease of comparison both panels use the same axis scales.
weights on the two molecules within the dimer, the charge
disproportionation is given by
〈nˆµ1 − nˆµ2〉 =
∆
(
∆ +
√
∆2 + t2b1
)
t2b1 + ∆
(
∆ +
√
∆2 + t2b1
) . (18)
Scalar hopping between dimers of the same sublattices,
Eq. (8), induces an effective spin-spin symmetric ex-
change interaction, J1, between the electrons localized
on the dimers at second order. Similarly one finds a
Heisenberg interaction, J2, between spins on different
sublattices caused by virtual hopping between neighbor-
ing dimers, Eq. (10). We calculate this via the methods
described in [32,33] and plot the dependence of Jn on the
dipole strength, 〈nˆµ1 − nˆµ2〉 in Fig. 4. Here we consider
two cases: panel (a) shows the results when charge dis-
proportionation takes equal magnitude but opposite sign
on the two sites (〈nˆµ1− nˆµ2〉 = −〈nˆν1−nˆν2〉), i.e., an an-
tiferrodipolar arrangement; and panel (b) considers a fer-
rodipolar arrangement where 〈nˆµ1 − nˆµ2〉 = 〈nˆν1 − nˆν2〉.
In both cases the variation of the interdimer superex-
change with charge disproportionation is extremely dra-
matic. This is a simple consequence of the dependence
FIG. 5: Possible dipole ordering patterns (a,b) in the quasi-
one-dimensional limit of the TFIM (K1  K2) and (c) in the
square lattice limit of the TFIM, (K2  K1). The head of the
arrows indicates the monomer that contains fewer electrons
than the monomer at the tail of the arrow. To understand the
microscopic dipolar order shown here it is helpfull to compare
with Fig. 1. Only the supperexchange interactions that are
strongest when the dipoles order are marked in this figure.
In all cases strong charge disproportionation combined with
dipole order leads to a quasi-one-dimensional spin system.
of the perturbative processes, in the monomer model
(Fig. 3), on the occupation of the two different Wan-
niers, which is easily understood by considering the limits
〈nˆµ1 − nˆµ2〉 → ±1.
Notice that superexchange interactions vanish for
〈nˆµ1−nˆµ2〉 → 1 in both the antiferrodiplar and ferrodipo-
lar cases. This can easily be understood by examining the
form of the interdimer hopping, Eqs. (8) and (10), and
Fig. 3. Clearly, all virtual hopping processes between
the dimers cease when 〈nˆµ1− nˆµ2〉 → 1 as they require a
partial occupation of monomer µ2.
For 〈nˆµ1 − nˆµ2〉 → −1 each of the cases gives a dif-
8FIG. 6: Variation of the effective interdimer Dzyaloshinskii-Moriya antisymmetric exchange with the charge disproportionation,
nˆµ1 − nˆµ2, for an antiferrodipolar configuration of dimers. a) Magnitude for all materials and Cartesian components for b)
κ-HgCl, c) κ-HgBr, d) κ-CuCl, e) κ-CuBr, and f) κ-AgCN.
ferent result. J1 = 0 in the ferrodipolar case. This is
again a straightforward consequence of the detailed form
of the interdimer hopping, Eq. (8) see also Fig. 3, which
shows that superexchange via the tb2 pathway requires
partial occupation of Wannier ν1, which is doubly occu-
pied in this limit. In the antiferrodipolar case J1 6→ 0
for 〈nˆµ1 − nˆµ2〉 → −1. In this limit 〈nˆµ2〉 = 〈nˆν1〉 → 1
and the second order perturbation due to tb2, Eq. (8),
reduces to the usual case of superexchange between two
half-filled sites [34]. Similarly J2 simplifies to the prob-
lem of superexchange between two half-filled sites when
〈nˆµ1 − nˆµ2〉 → −1. For an antiferrodipolar arrange-
ment J2 → J2p ∝ t2p and for a ferrodipolar arrangement
J2 → J2q ∝ t2q and hence J2p > J2q.
To understand the impact of dipole order on the mag-
netic properties it is important to know which long-range
pattern of dipoles is realized. The solution of the TFIM,
Eq. (12), is an extremely challenging problem and be-
yond the scope of this Article. But, for illustrative pur-
poses it is useful to consider the order in the classical
zero-field regime. Two low-energy states for K1  K2
are sketched in Figs. 5a and b, and the lowest en-
ergy state for K2  K1 is sketched in Fig. 5c. In
all cases we have marked only the strongest magnetic
superexchange interactions. The magnetic interactions
that are not shown are zero for complete charge dispro-
portionation |〈nˆµ1 − nˆµ2〉| → 1, but simply small in the
more realistic case of incomplete charge disproportiona-
tion 0 < |〈nˆµ1 − nˆµ2〉| < 1. The values of the ‘large’
and ‘small’ interactions correspond to changing the sign
of charge disproportionation 〈nˆµ1 − nˆµ2〉 in Fig. 4.
The order sketched in Figs. 5a and b are relevant to
κ-HgCl and κ-HgBr. Our calculations suggest that these
are very close in energy, with the very weak WTT3 inter-
action, cf. Table II, favoring the order sketched in 5b.
However, the existence of competing orders very inter-
esting given the recent observation of dipole liquid-like
behaviors in κ-HgBr [13]. This suggests the possibility
of resonance structures similar to those proposed in spin
liquids [35,36].
In the dipole orders sketched in Fig. 5 the ‘strong’
bonds form quasi-one-dimensional spin systems, coupled
by the ‘weak’ bonds. The effects of this anisotropy will
depend strongly on the difference between the J values
of the ‘strong’ and ‘weak’ bonds, which is in turn deter-
mined by the magnitude of the charge disproportiona-
tion. The resulting spin model could range from a sub-
tly anisotropic quasi-two-dimensional system (for weak
charge disproportionation) to quasi-one-dimensional spin
systems (for large charge disproportionation). However,
we note that the geometrical frustration of the magnetic
interactions means that this quasi-one-dimensional limit
is more stable than one might naively expect [33,37,38].
Therefore, the effective one-dimensionalization of the sys-
tem when it is dipole ordered could be important for
understand the large “dipole-solid+spin-liquid” phase
found by Hotta in her exact diagonalization studies of
the NIH model [6].
Similarly, the vector hopping between the different
sublattices (cf. Table I) induces a Dzyaloshinskii-Moriya
9FIG. 7: Variation of the effective interdimer Dzyaloshinskii-Moriya antisymmetric exchange with the charge disproportionation,
nˆµ1 − nˆµ2, for a ferrodipolar configuration of dimers. a) Magnitude for all materials and Cartesian components for b) κ-HgCl,
c) κ-HgBr, d) κ-CuCl, e) κ-CuBr, and f) κ-AgCN.
antisymmetric exchange interaction:
HˆDM =
∑
〈µ,ν〉
D1 · Sˆµ × Sˆν +
∑
[µ,ν]
D2 · Sˆµ × Sˆν . (19)
This is calculated as described in [32] and plotted in Fig.
6, for an antiferrodipolar arrangement, and Fig. 7, for
an ferrodipolar arrangement. D1 = 0 in all materials be-
cause there is an inversion symmetry between the dimers
on the same sublattice. The Dzyaloshinskii-Moriya in-
teraction is likely to be profoundly important for deter-
mining the macroscopic magnetic properties because of
the low dimensionality of the system [39].
Regardless of the degree of charge order, the
Dzyaloshinskii-Moriya interaction is much stronger in κ-
CuBr and κ-CuCl than it is in κ-AgCN. This is interest-
ing because the former pair both order antiferromagneti-
cally, whereas the long-range magnetic order has not been
observed in κ-AgCN at any temperature. The Mermin-
Wagner theorem [39] shows that there cannot be long-
range order in two-dimensional Heisenberg model, but
a Dzyaloshinskii-Moriya interaction violates the assump-
tions required to prove the theorem and allows for long-
range magnetic order. Therefore, a natural perspective
on these materials, given the very week interlayer inter-
actions, is that the absence of long-range order is the nat-
ural state of affairs; and that a significant Dzyaloshinskii-
Moriya interaction is required to cause long-range order.
Finally we note that, in several compounds, dipole or-
dering significantly increases the Dzyaloshinskii-Moriya
coupling. Thus, dipole order could cause or enhance long-
range antiferromagnetic order.
V. CONCLUSIONS
In summary, we have used a combination of first prin-
ciples calculations and empirical relationships for the
Coulomb interactions to parameterize the HIN model of
coupled dipolar and spin degrees of freedom for κ-HgCl,
κ-HgBr, κ-CuCl, κ-CuBr, and κ-AgCN. In all materials
the coupling constants for the TFIM of the dipoles are
the largest energy scales in the problem. This quantifies,
justifies and confirms recent claims that the dipoles are
of crucial importance for understanding these materials
[5–10].
Two effects are responsible for different ferroelectric
behaviors of the κ-(BEDT-TTF)2X salts. (i) The inter-
dimer hopping, tb1, which gives rise to the “transverse
field” in the Ising model for the dipoles (HT = 2tb1),
is between a third and a tenth smaller in κ-HgCl and
κ-HgBr than in κ-CuCl, κ-CuBr, and κ-AgCN. (ii) The
TFIM of dipoles is in the quasi-one-dimensional limit for
κ-HgCl and κ-HgBr, but quasi-two-dimensional (between
the square and isotropic triangular limits) for κ-CuCl, κ-
CuBr, and κ-AgCN. Thus, the dimensionless critical field
is 3 – 5 times smaller in the former pair of compounds.
Clearly then, effect (ii) is much more important for this
conclusion than effect (i). This occurs because XTT ∝
t2b2 [see Eq. (A3)] and tb2 is 25-50% larger in κ-HgCl
and κ-HgBr than the other materials, see Table I, which
10
means thatXTT is much bigger in the mercuric materials.
YTT ∝ (t2p − t2q) [see Eq. (A8)] and tp is ∼ 50% larger
in the non-mercuric materials, which results in a much
larger YTT in these systems.
We have also found that dipolar order and even short-
range dipolar correlations have a profound impact on the
nature of the interdimer magnetic (superexchange) inter-
actions. In particular for dipole crystals this appears to
drive the materials towards quasi-one-dimensional mag-
netic interactions, which could be important for un-
derstand the spin liquids found in many of these ma-
terials. Conversely, dipole order can increase with
Dzyaloshinskii-Moriya interaction, which may tend to
stabilize magnetic order. Understanding the interplay of
these effects is a significant challenge for future quantum
many-body theories.
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Appendix A: Parameters in Eqs. (9) and (11)
The simplest method to calculate the contributions to
the effective spin-dipole Hamiltonian at second order in
Hˆ1 and Hˆ2 is to make use of projectors. Recall that the
spin operator
Pˆ0 ≡ 1
4
− S1 · S2 =
{
1 if the spins form a singlet
0 if the spins form a triplet,
(A1)
and
Pˆ1 ≡ S1 · S2 + 3
4
=
{
0 if the spins form a singlet
1 if the spins form a triplet,
(A2)
Similarly, Pˆ± ≡ T z± 12 projects the unpaired electron on
to monomers 1 (−) and 2 (+). These four projectors and
the operators T± = T x ± iT y make it straightforward,
but tedious, to enumerate all possible second order cor-
rections in the scalar hopping parameters, Eqs. (8) and
(10), and rearrange into the form of the effective Hamil-
tonains, Eqs. (9) and (11). Whence, one finds that
XTT =
t2b2
U
+
t2b2 (2Vb1 + 7Jb1)
Vb1 (Vb1 − 2Jb1) , (A3)
XT = − t
2
b2
2U
, (A4)
XSSTT =
4t2b2
U
− 4t
2
b2Jb1
Vb1 (Vb1 − 2Jb1) , (A5)
XSST = −2t
2
b2
U
, (A6)
XSS =
t2b2Jb1
Vb1 (Vb1 − 2Jb1) , (A7)
YTT =
(t2p − t2q)
U
+
(t2p − t2q)(2Vb1 + 7Jb1)
Vb1 (Vb1 − 2Jb1) , (A8)
Yzx = − tptq
2U
− tptq(2Vb1 + 7Jb1)
2Vb1 (Vb1 − 2Jb1) , (A9)
YT− = −
t2p
2U
, (A10)
YT+ = −
t2q
2U
, (A11)
Yx = − tptq
4U
− tptq(2Vb1 + 7Jb1)
4Vb1 (Vb1 − 2Jb1) (A12)
YSSTT =
4(t2p − t2q)
U
− 4(t
2
p − t2q)Jb1
Vb1 (Vb1 − 2Jb1) , (A13)
YSSzx =
2tptq
U
− tptq(Vb1 + Jb1)
Vb1 (Vb1 − 2Jb1) (A14)
YSST− = −
2t2p
U
, (A15)
YSST+ = −
2t2q
U
, (A16)
YSSx =
tptq
U
− tptq(Vb1 + Jb1)
Vb1 (Vb1 − 2Jb1) , (A17)
YSS =
(t2p + t
2
q)Jb1
Vb1 (Vb1 − 2Jb1) , (A18)
Y4Szx =
8tptqJb1
Vb1 (Vb1 − 2Jb1) , (A19)
and
Y4Sx =
4tptqJb1
Vb1 (Vb1 − 2Jb1) . (A20)
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